A reverse engineering methodology is presented for identifying environmentally conscious design guidelines for use in the conceptual stages of product design. Environmentally conscious principles and guidelines help designers improve environmental impacts of products by making better decisions during conceptual design stages, when data for life cycle analysis are sometimes scarce. The difficulty in using the current knowledge base of guidelines is that it is not exhaustive and conflicts are not well understood. In response, the authors propose a general method for expanding the current set of guidelines and understanding potential environmental tradeoffs. The method helps designers extract environmentally conscious design guidelines from a set of functionally related products by combining reverse engineering with life cycle analysis (LCA). The guidelines and LCA results can then be used to inform subsequent design cycles without repeating the process. Although, in environmentally conscious design, reverse engineering is commonly applied to studies of disassembly and recyclability, the methodology and case study herein show how reverse engineering can be applied to the utilization stage of a product's life cycle as well. The method is applied to an example of electric kettles to demonstrate its utility for uncovering new design guidelines.
INTRODUCTION
Environmentally conscious design practices, sometimes called Design for Environment (DfE), contribute to sustainability by considering global ecology and resources along with typical consumer and cost requirements. At a global level, operating sustainably means that the needs of the current population can be met without compromising the needs of future populations. The 2005 UN World Summit [1] identified economic, social, and environmental systems as three co-dependent aspects of sustainability. As growing populations and industries change the availability of vital resources, such as energy and water, the environmental aspect of sustainability is becoming increasingly important. Environmentally conscious design guidelines are useful tools for achieving the shared goal of global sustainability by creating products that help conserve and manage these resources.
Environmentally conscious design guidelines help preserve and disseminate techniques for improving the environmental performance of products. Environmentally conscious guidelines are very different from life cycle analysis (LCA). LCA is an accepted method for quantifying the environmental impacts of a product over its life cycle, starting with the procurement of materials and ending with the return of materials to the environment or processing plant [2] , but it is not always useful as an input for new product design. LCA requires detailed product information that may not be available during the early, conceptual stages of product design [3] [4] [5] . To overcome this difficulty, environmentally conscious guidelines are created to embody lessons from LCAs and inform early stage design decisions for a variety of design problems. Environmentally conscious design guidelines thereby help create more environmentally sustainable concepts and save time and resources in later stages of product development [6] . Carolyn Conner Seepersad, MD_09_1472
Existing lists of environmentally conscious design guidelines are often incomplete, presented at various levels of abstraction, and isolated to a single stage of the product life cycle.
In previous work, the authors discovered that guidelines for disassembly and end-of-life processing, for example, have been studied more extensively than guidelines for improving product durability and resource utilization [7, 8] . Additionally, most environmentally conscious guidelines lack quantitative exploration of life-cycle impacts. There is, therefore, a need to develop guidelines for aspects of the life cycle other than end-of-life and to obtain a more holistic and quantitative understanding of the impact of guidelines on environmental sustainability.
This paper introduces a step-by-step methodology for developing new guidelines in emerging areas of environmental sustainability. Designers can use this method to explore environmental design opportunities for representative products, distill relevant environmentally conscious design guidelines, and then apply them to new product designs without repeating the methodology. In contrast, pre-existing methods for creating environmentally conscious design guidelines are largely undisclosed and do not offer a thorough process for distilling actionable guidelines and critiquing their environmental impacts. Instead of being derived from a holistic, life-cycle approach, combined with engineering analysis, most guidelines appear to have been developed by extracting from literature, by borrowing from nature, or by using procedures tailored to a specific life cycle phase. Each of these approaches has significant limitations.
First, principles extracted from literature are often difficult to use, have undisclosed tradeoffs, and might not address current environmental problems. As an example, Anastas et al. [9, 10] present twelve environmentally conscious design principles that are formulated by reviewing interdisciplinary literature and physical principles. For example, principle seven, Carolyn Conner Seepersad, MD_09_1472 "design for durability, not immortality," suggests that products be designed to withstand foreseen operating conditions in order to extend material lifetime, while principle eight, "meet need, not excess," discourages designing parts for the most demanding scenario in order to reduce material use. A more specific guideline, such as C-19 in Telenko et al. [7] , could resolve this conflict; this guideline suggests minimizing material use and maximizing part strength using structural techniques such as ribbing. Creating broad principles from literature reviews requires extensive resources and expertise that are not typically available to most practicing product designers, and, when transferred to future design efforts, contain little insight as to conflicts and practical application.
Secondly, finding and using analogies from nature is difficult, and environmental benefits are often assumed without being proven. Bras et al. [11, 12] , for example, search for sustainable guidelines and principles by deducing them from the biosphere, but they have tested some bioinspired guidelines, such as self-cleaning surfaces [12] , to find that they are not necessarily beneficial. Although studying nature may help define ecologically sustainable limits, it may not provide the best design analogies because of the manufacturing complexity in creating biomimetic systems. An additional disadvantage to applying this technique is that it requires an extensive knowledge base outside of many designers' expertise.
Finally, the procedures that use product studies to discover environmentally conscious design guidelines are limited in their evaluation of the guideline's effects. The specific procedures used to extract these guidelines are rarely described in detail. When they are described, they are typically limited to measuring disassembly metrics and the environmental impacts of materials without considering product utilization. For example, reverse engineering and redesign is applied widely in Design for Disassembly research, but these examples focus Carolyn Conner Seepersad, MD_09_1472 only on architectural changes, such as material selection and disassembly time, and do not study product use [6, [13] [14] [15] [16] . Carnegie Mellon University includes reverse engineering for environmentally conscious design in its curriculum with a coffee maker example [17] , but limits the study of life cycle impacts and redesign to creating a product architecture that reduces the number of modules or allows component upgrades. Without studying product utilization, designers do not know, for example, how the consumer interacts with the product, if the new architecture affects the performance of the product or, as noted by van Nes and Cramer [8] , how product design can motivate reuse without end-of-life processing. Because of the shortcomings of these techniques, not all of the guidelines presented in the literature have been quantified or explored from a holistic lifecycle perspective. Designers should be aware of the potential for guidelines to improve one phase of a product's lifecycle while causing negative environmental repercussions in other phases of the lifecycle [12] . For example, a thermoelectric refrigerator might minimize the use of heavy components and harmful refrigerants relative to a vapor compression refrigerator, but vapor compression refrigerators tend to be more energy efficient.
The proposed method for creating environmentally conscious design guidelines uses techniques within a designer's expertise, quantifies guidelines holistically, and can be applied to a variety of design problems. As part of the method, a set of example products are studied using well-known customer needs analysis and reverse engineering techniques [18, 19] , combined with LCA. A set of environmentally conscious design guidelines is distilled for the product domain, and LCA and redesign activities are used to quantify the potential effects of the guidelines on all stages of the lifecycle. The method is presented generally in the following section. In section three, it is demonstrated using an example study of energy efficiency in a representative set of electric kettles.
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METHOD FOR DEVELOPING ENVIRONMENTALLY CONSCIOUS GUIDELINES

<FIGURE 1>
As shown in Figure 1 , the methodology for deriving guidelines is an integration of reverse engineering with life cycle analysis. The method is intended to be used when creating design guidelines for a new class of products or addressing the environmental problems associated with a class of products. Designers create environmental design guidelines by studying the class of products associated with a design problem of interest. These guidelines can then be applied regularly without repeating the process for every product variant. Reverse engineering forms the backbone of the method; it uses hands-on techniques to help designers thoroughly and systematically analyze the requirements, architecture, and functionality of the representative set of products [19] . LCA is then integrated to help identify environmental requirements during the reverse engineering process. It is also used later in the process to help designers quantify the impacts of guidelines and understand tradeoffs that can occur when using the guidelines in design. The methodology is focused on designing products, rather than manufacturing processes or other aspects of the product's life cycle, but LCA is used to quantify the impact that changes in product design might have on other aspects of the life cycle. In this research, the method is demonstrated for improving the energy efficiency of a product, but it is also useful for other environmental strategies, such as extending the useful life of a product, depending on the most significant environmental problems identified at the beginning of the methodology. The methodology follows a series of steps, as shown in Figure 1 .
Step zero defines the rest of the study by the careful selection of example products that are relevant to future design problems and the identification of probable environmental problems. A class of products is chosen primarily upon its functional characteristics; the set of Carolyn Conner Seepersad, MD_09_1472 products should perform primary functions that overlap with the product lines to be designed.
Next, individual products should be selected to embody a variety of architectural characteristics, anticipated environmental impacts, and modes of interaction with users and the environment. For example, an engineer seeking to design efficient outdoor watering systems might choose to form a study around sprinkler designs. The engineer may be tempted to compare functionally different concepts, such as a sprinkler and a manual hose; however, the study should remain true to the functionality of the products. A sprinkler not only waters, but automatically spreads water evenly. Instead of manual hoses, above-and below-ground sprinklers could be studied along with a variety of different dispensing mechanisms from drip systems to rotor-type sprinklers.
Reap et al. [3] reinforce the importance of functionality and functional units on life-cycle comparisons of products. Probable environmental problems are identified by using existing LCA data or qualitative inspection of similar products. This environmental knowledge is combined with existing tools for identifying environmental strategy, such as the Life cycle Design Strategy (LiDS) wheel or Graedel and Allenby's streamlined life cycle assessment (SLCA) matrix [18, 20, 21] . The LiDS wheel is a spider chart in which each axis represents a different life cycle stage or design strategy [21] . An SLCA matrix includes a row for each life cycle stage and a column for each life cycle concern [18, 20] . Each matrix element is assessed using a list of questions and represents a semi-quantitative assessment of the given type of environmental impact during that life cycle stage. This initial assessment of probable environmental problems is revisited using LCA in step five.
In step one, the researcher begins generating the list of design requirements . As defined by Pahl and Beitz [22] , a requirements list should include the target specifications for the redesigned product, organized under headings that include materials, geometry, production, Carolyn Conner Seepersad, MD_09_1472 transport, operation, maintenance, and recycling. Requirements for product utilization are often derived from raw customer needs obtained from product reviews and customer interviews.
Articulated use interviews [18] are particularly effective for eliciting customer needs in the context of a typical usage environment. Activity diagrams map the utilization process to highlight interactions with other materials or concurrent activities [18] . When compiling the requirements list, it is important to focus on requirements that relate to environmental sustainability. Those environmental design requirements should be derived from customer needs and detailed technical knowledge, as compiled in steps zero and one of the methodology, as well as from inspection and experimentation in steps two through four, and LCA in step five.
Environmental design requirements should be derived from knowledge of all aspects of the product life-cycle. A reference list for generating environmental design requirements is shown in Figure 2 . Items in the reference list are not design requirements themselves; they are a checklist for compiling environmental design requirements throughout the design process. This reference list includes items from previously unpublished environmental design guidelines and the streamlined life-cycle analysis method created by Graedel and Allenby [18, 20] . It is intended to be complementary to Pahl and Beitz's design requirements checklist [22] , which includes a broader set of headings such as quality control and safety.
<FIGURE 2>
In step two, the researcher revises and expands the list of environmental design requirements and prepares for product dissection by analyzing the products from a conceptual and functional perspective. The tasks within this step help track energy and material usage within a product without fixating on particular components. Black box modeling is one method for focusing on the primary function of the product and neatly relating the material, signal and Carolyn Conner Seepersad, MD_09_1472 energy flows that enter and leave the product [22] . Black box diagrams help designers distinguish necessary flows from process choices (i.e. the input energy might not need to be electrical). Building on the black box models, function structures map the necessary and relevant intermediate functions of the product(s), following the input flows through the product to their output flow forms. Function structures are useful ways of disembodying and opening the design discussion to alternative solutions from a subsystem or component standpoint [23] . At this point, the black box and functional models may be hypothesized, since the product has not yet been disassembled. After creating the hypothesized function structures and black box models, it is helpful to sketch a schematic predicting the components used to fulfill those functions. Creating one or more hypothetical architectures to meet the relevant requirements allows designers to explore alternative designs before discovering the actual architecture in step four. Predicting product architecture then makes it possible to compare the products with existing environmentally conscious design guidelines and further identify good, bad or missed design opportunities as one would with a checklist [24] . The challenge at the conclusion of step two is to brainstorm a list of environmental design requirements that is as comprehensive as possible, so that these requirements can be quantified and addressed in the following steps. By step three, there should be a succinct set of environmental design requirements.
In step three, the researcher quantifies the engineering specifications that characterize environmental impacts of the products and possible causes of those impacts. The first step is to identify engineering specifications that are most closely associated with the environmental design requirements and the product's environmental impact. Engineering specifications are defined as engineering metrics that can be used to quantify a particular design requirement. For example, designers might measure the failure rate of cell phones as an engineering specification Carolyn Conner Seepersad, MD_09_1472
for the design requirement of increasing the product's useful life. After the engineering specifications are identified, experiments are designed to measure them. For example, the durability of a cell phone could be measured by dropping it or employing other commonly observed actions. By measuring the relevant specifications, either static or dynamic, it is possible to deduce causes and effects for good or poor performance in product utilization. These insights are possible guidelines for satisfying the environmental design requirements.
At the conclusion of step three, environmental design requirements will have been revealed from several perspectives: customer needs analysis and usage, hypothesized functionality and architecture, and experimental performance. From these observations the researchers should begin to formulate a set of potential guidelines to inform the environmentally conscious design process. It is important that these guidelines are recorded in a form that is as actionable, solution-neutral, designer-oriented, and reflective of best practices as possible [7] .
In step four, the products are dissected. Disassembly and discovery of the actual product architectures may reveal more or less functions than previously envisioned and may show that functions have been approached in more or less innovative ways than predicted. Creation of a Bill of Materials (BOM) and disassembly plan is necessary to fully explore the design and to perform life cycle analyses as well as to create the basic BOMs for redesigning in step seven.
Based on the results, the list of potential environmental design guidelines can be expanded and clarified.
In step five, life cycle analysis is performed for the existing products. The ISO 14040 standards describe the LCA process [2] . Life cycle analysis helps identify the most significant sources of environmental impact, prioritize redesign goals, and avoid worsening the environmental impacts of the product via redesign. The scope and accuracy of the analyses is Carolyn Conner Seepersad, MD_09_1472 limited to available data, but should be as complete as possible and repeatable for the redesign process in step seven. LCA results should be used to verify assumptions made during previous steps about the environmental problem and requirements. It may be necessary to revise earlier tasks. Lessons from the LCA help prioritize and update the environmental design requirements and guidelines and inform the redesign tasks.
In step six, concepts are generated for the proposed product. Concept generation can be achieved using a variety of methods, such as brainstorming and 6-3-5 [18, 22] . It might be helpful to enlist one or more uninvolved designers in team-based concept generation activities, to reduce the likelihood of design fixation. The environmental design guidelines and requirements developed in previous steps should be used to guide and inform the concept generation process.
In the first phase of step seven, the list of guidelines are updated using the generated concepts and refined and finalized by searching analogous examples. Guidelines are distilled from the concepts by discerning how the designer met the environmental requirements with specific features. These guidelines are then used to revise the dynamic list from the previous steps. Finally, guidelines are either reinforced or discounted by searching for analogous embodiments in disparate products. This exploration of varying products helps mold the final guidelines into a form that is solution-neutral and is not restricted to the specific product being redesigned.
In the final phase of step seven, the established guidelines are quantified using life cycle analysis. The product and BOM are redesigned for each guideline. Each redesign represents the product after implementation of the guideline. LCA is then applied to each redesign concept and BOM. By comparing LCA results before and after implementation of each guideline, designers can assess the potential impact of each guideline for the specific class of products. The original Carolyn Conner Seepersad, MD_09_1472 design, BOM, and LCA are obtained from step five, assuming that the original product does not already embody a new guideline. The redesigned concept and BOM are created from the redesigns generated in steps six and seven, and those BOMs are used for LCA to investigate whether applying the guidelines improves upon the original design. It may be necessary to carry out further experiments, calculations or modeling to update the key engineering specifications that contribute to the life cycle inventory of the concept. The results of the LCA-based validation are applicable to the class of products investigated in the study. The resulting environmental conflicts and improvements can inform related applications of the guideline. Although the resulting set of new design guidelines can be used for designing new products in closely related domains of interest, an understanding of the guidelines' effects in other product domains requires further research.
As described in the following section, the method is applied to a case study of three different electric kettles. The case study shows how each of the steps are applied, as well as how environmentally conscious design insights develop over the course of the study. Guidelines are developed for reducing the kettles' resource consumption during use.
EXAMPLE APPLICATION: ENERGY EFFICIENT REDESIGN OF AN ELECTRIC KETTLE
Energy efficiency is one of multiple environmentally conscious design strategies that can be studied using this method. It has been selected because it is a currently relevant challenge and requires study of consumer use in addition to product architecture. Electric kettles are electromechanical products that process significant amounts of two valuable resources: water and energy. Accordingly, environmentally conscious redesign of electric kettles offers the Carolyn Conner Seepersad, MD_09_1472 possibility of reducing resource consumption during the consumer-use phase of the life cycle.
Therefore, kettles offer a suitable application for illustrating how the proposed methodology can help generate suitable guidelines for energy efficiency that can be used in future design processes. This section documents the application of the step-by-step methodology to electric kettles and explains select insights obtained from each step.
STEP ZERO: SELECTING PRODUCTS AND LIKELY ENVIRONMENTAL PROBLEMS
For electric kettles, the most significant environmental problem is likely to be maximizing energy efficiency during operation. A qualitative assessment of electric kettles using a LiDS wheel or SLCA matrix indicates that energy during use is the greatest design concern. Kettles have only a few, simple components, and they are lightweight and use mostly recyclable materials. Non-renewable energy use during operation was therefore hypothesized, and later verified via LCA in step five, to constitute a majority of the environmental impact of electric kettles. Because of their relative simplicity and low level of obsolescence, kettles were also hypothesized to offer significant opportunities for lowering environmental impact by redesigning the product for more energy efficient operation. Furthermore, their relative simplicity facilitated straightforward demonstration of the process.
Three kettles were selected based upon noticeable variations in energy-related, functional architecture. A Proctor Silex kettle was chosen because it was the cheapest, lowest wattage, and smallest kettle available and had an internal heating coil. A Capresso H2O Plus was chosen because it was constructed of glass rather than traditional plastic and had a central, spherical heating element. The Braun was selected because it was the most popular model and had a flat plate heat exchanger along the bottom. Each kettle offered different potential advantages, from Carolyn Conner Seepersad, MD_09_1472 the thick, insulating walls in the Capresso kettle, to the potentially more efficient, circulating heat exchanger in the Proctor Silex. The efficiency impacts of different power ratings or types of heating elements were also of interest to the study.
STEP ONE: GENERATING ENVIRONMENTAL DESIGN REQUIREMENTS
Exploratory use and customer feedback were used to discern a list of customer needs and associated environmental design requirements. The process resulted in three main observations. First, the kettles continued heating after the water began to boil visibly. Closing the gap between shut off and boiling presented an opportunity to reduce energy. Second, customer reviews indicated that notification of shut-off was inadequate. Energy would be lost if water were left to cool, and additional energy would then be consumed to reheat the water. Third, enough steam escaped to risk burning the users. These observations and customer needs were translated into three environmental design requirements: minimize boiling time, notify users when heating ceases, and control steam.
STEP TWO: PREDICTING ARCHITECTURE AND FUNCTIONALITY
A black box diagram, Figure 3 , was created to focus on the primary task of boiling water and the energy, material, and signals that fulfilled this task.
<FIGURE 3>
Upon inspection of the black box diagram, it was apparent that it would be difficult to change the types of energy and materials flowing through the device, but the amounts could be modified. Carolyn Conner Seepersad, MD_09_1472 For example, heat energy is essential for boiling water, but its magnitude might be reduced by strategic design. To investigate this possibility more closely, a P-diagram was constructed.
<FIGURE 4> <FIGURE 5>
The P-diagram in Figure 4 facilitates the study of variables relevant to the product's black box flows. P-diagrams are useful for identifying noise and control variables that influence the performance of a product or process. For example, a designer cannot eliminate noise factors such as variations in the amount of water to be boiled by a user, but measurement gradients could be added to the kettles to avoid overfilling. Additionally, shut-off temperature is a control factor, and different temperatures are recommended for different tasks (e.g., warming hot chocolate versus boiling teas), as noted in the P-diagram. Although the kettle designs did not incorporate a user-defined temperature setting, this opportunity was identified as a potential means of reducing energy consumption.
Recognition of water quantity as a noise variable and water temperature as a control variable facilitated the creation of a function structure with some additional functions. These functions are shaded in the hypothesized function structure in Figure 5 . The expanded function structure addressed the variability in final temperature and water mass and represented a new environmental design requirement that the kettles be tuned for certain processes.
Before finalizing the list of environmental design requirements for redesign and initiating a list of possible environmentally conscious design guidelines, the kettles were compared with existing environmentally conscious design guidelines to make the list of requirements as extensive as possible. The kettles and their operations were compared to the reference list for Carolyn Conner Seepersad, MD_09_1472 environmental requirements in Figure 2 , and analyzed using existing environmentally conscious design guidelines, as reported in Telenko et al. [7] , as well as guidelines specifying renewable and clean forms of energy. The reference list from Figure 2 introduced factors of human design that contributed to energy efficiency. These comparisons yielded an updated list of requirements: import cleaner energy forms, tune energy processes, improve user interaction, minimize boiling time, notify users when heating ceases, and control steam.
STEP THREE: QUANTIFYING ENGINEERING SPECIFICATIONS
<FIGURE 6>
In step three, engineering specifications were identified from the requirements list and quantified experimentally. Figure 6 illustrates the measurements and calculations used to quantify each kettle's metrics. Important performance parameters included the efficiency of each kettle (ratio of electrical energy consumed to thermal energy transferred to the water) and heat losses. Each experiment was repeated for three different masses of water, specifically one, two and three mugs (0.3-1kg) in the case of the Proctor Silex model and two, three, and four mugs (0.6-1.6kg) in the case of the larger Capresso and Braun kettles. Overall, the rate of heat loss was similar among the kettles, but duration of heating differed. Steam loss was estimated at about 1% and its effect was found to be negligible. Energy efficiency was reduced, however, when the kettles heated past boiling, as shown in Table 1 . Boiling was visible at a temperature of 95ºC. If each kettle stopped heating at 95ºC, their efficiencies would be nearly identical, as illustrated in the last two columns of Table 1 . The Capresso exhibited the highest efficiency because it stopped heating at the lowest temperature. In contrast, the Braun exhibited the lowest initial efficiency because it extended boiling to a higher temperature.
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The results indicated that the architectural differences between the kettles had little effect on process efficiency, whereas the duration of heating had a substantial impact. The observations from the first four steps of the methodology yielded the following environmental design requirements (in bold) with accompanying opportunities for new guidelines (in italics):
Import Cleaner Energy Forms
Guideline already exists
Reduce Energy Loss Through Steam
No Guideline
Reduce Energy Loss Through Measuring Window
Potential New Guideline:
Separate functions with conflicting solutions.
Improve User Interaction
Potential New Guideline:
Notify the user when operations are finished.
Tune Energy Processes
Potential New Guidelines: Incorporate dynamic or static tuning capabilities for certain processes Optimize the heating rate and time to reduce overall energy use
At the end of step three, exploration of the kettles had revealed five environmental design requirements and four potential environmentally conscious design guidelines. The next step was to disassemble the kettles to uncover their precise, internal architectures and to investigate whether additional guidelines may be needed or already embodied in one or more of the kettles. Carolyn Conner Seepersad, MD_09_1472
STEP FOUR: DISSECTING THE PRODUCTS
Disassembly of the kettles revealed that the internal components across all three designs were similar. The architecture and functionality of the kettles had been predicted closely and no further insights were gained.
Teardown of the kettles resulted in a BOM for each kettle. The BOM was used for life cycle analysis of the products. Because the designs were similar, the BOM for the lightest and smallest kettle, the Proctor Silex, served as the benchmark design in the remaining steps of the methodology.
STEP FIVE: PERFORMING A LIFE CYCLE ANALYSIS
The first step in LCA is to identify a functional unit for analysis. The functional unit for the electric kettle was determined from a survey of 16 kettle users. From the survey results, the kettle was assumed to boil two and a half mugs of water, eight times a week, for a lifetime of four years. The experiments in step three specified the amount of energy that is required for two and a half mugs of water. Exact data for each stage of the kettle's life cycle, such as manufacturing and transportation data, were unavailable, making a complete LCA infeasible. Instead, the BOM information enabled an approximate life cycle inventory and analysis with the help of GaBi software [25] . No components were assumed to be recycled.
<FIGURE 7>
As shown by relative contributions to the CML 2 assessment [26] in Figure 7 , the utilization stage impacts (energy impacts) dominated the kettle's environmental impacts ‡ . The kettles contained few components and used a significant amount of energy during their useful ‡ It is important to remember that LCA results are limited by the data available. Both manufacturing data and global supply chain information were extremely limited for this example. Carolyn Conner Seepersad, MD_09_1472
lives. It was concluded that reducing energy consumption during the utilization phase should reduce the product's lifecycle impact as well.
STEP SIX: GENERATING CONCEPTS
Six graduate engineering students in the fields of manufacturing, design, and thermal systems generated new concepts for energy saving kettles using the results of steps one through five. The participants were shown the kettles being studied, the predicted function structure, the black box diagram, the P-diagram, existing guidelines, and the final list of environmental design requirements.
One session of 6-3-5 concept generation [18] was executed. Each participant received a uniquely colored pen and a piece of butcher paper. Each participant was then given twenty minutes to devise three novel concepts that meet one or more of the environmental design requirements. After the first twenty minutes, the papers were rotated to a new member of the group, who spent eight minutes modifying the concept. The process continued for four more rotations. At the conclusion of the session, at least 18 different concepts had been created. These concepts were then used in the final step of the study for updating and validating the environmentally conscious design guidelines.
STEP SEVEN: UPDATING AND QUANTIFYING ENVIRONMENTALLY CONSCIOUS DESIGN GUIDELINES
The concepts from step six were analyzed to identify features with the potential to serve as the basis for a new environmentally conscious design guideline. Figure 8 shows some common features and kettle-specific guidelines that the participants employed in their redesigns. Many of the kettle design concepts provided device controls for user-adjustment of variables such as the amount of water, the stop temperature, and the start time. Many of the concepts were clearly viable, whereas some were infeasible. No additional guidelines were extracted from the results of the 6-3-5, but some of the concepts served as representative embodiments of the guidelines previously suggested by the study, as described in the next section.
<FIGURE 8>
REINFORCING GUIDELINES WITH ADDITIONAL EXAMPLES
Before validating the guidelines using LCA, the guidelines were updated and reinforced by finding examples of the guidelines embodied in products other than electric kettles. Additionally, some public showers incorporate automatic shut-offs that require the user to restart the water at selected intervals. These shower heads encourage bathers to spend less time showering and run water only when rinsing.
New Guideline 2: Incorporating automatic or manual tuning capabilities
The second new guideline came from observations that the duration of water heating (and corresponding energy use) could be further reduced by allowing the user to set a desired water temperature, rather than designing for a set temperature. 
Quantitatively Investigate Each Guideline with a New LCA
The resulting change in energy use and embodied energy was estimated for each design guideline. The previously unpublished guidelines are listed in Table 2 along with a summary of a representative redesign (from Section 3.8), resulting component changes, and estimated changes in energy use as a result of the redesign. The energy saved by each redesign was either extrapolated from the experimental results (as in guidelines 1 and 2) or derived from an isolated experiment. Tradeoffs were evaluated between energy savings and embodied energy for Carolyn Conner Seepersad, MD_09_1472 manufacturing derived from government sources and published literature [29] [30] [31] [32] . The analysis did not include specific tradeoffs between impact categories, such as toxicity from electronics and global warming contributions of electricity use. The intent of the energy analysis was to determine whether the savings in energy use are likely to be offset by the amount of energy embedded in additional components in the redesigned product. The results serve as a filter for determining whether further analysis of a concept is justified. Although it is beyond the scope of this paper, further analysis should include other environmental concerns such as the eco-toxicity and human toxicity from production and disposal of the added electronic components.
<TABLE 2>
As shown in Table 2 , guideline one resulted in a reduction of energy use. A lower shut-off temperature incurred no changes in other aspects of the product's life cycle.
Guideline two resulted in additional components that could lead to either increased or decreased energy use. If the user utilizes the manual tuning capability consistently, at the lowest possible setting (76ºC), the kettle's energy use is substantially lower. If the user does not take advantage of the manual tuning capability, the additional components cause a net increase in embedded energy and other environmental impacts.
Guideline three incorporated a temperature display. This display could persuade users to avoid reheating water that had been left to cool. Similar to the solution from guideline two, the additional components are justified only if the user engages in energy saving behavior.
Guideline four led to tradeoffs that marginally reduced energy use. Those energy savings are likely to be offset by other environmental impacts caused by the extra components.
The results show that the efficacy of these guidelines can be very dependent upon the specific product, its embodiment, and its interactions with the user and user habits. 
CLOSURE
A systematic method was presented for extracting environmentally conscious design principles and guidelines from existing products. The method relies upon a combination of reverse engineering methodology and life cycle assessment. Although the methodology was demonstrated for reducing energy use over a product's useful life, it can also be used to create guidelines in other areas of product utilization, such as durability. One of the limitations of the method, however, is that guidelines are discerned for one aspect of environmental sustainability at a time. In contrast, a strength of the method is that resulting guidelines can be used during the conceptual stages of designing similar products, without repeating the steps of the method.
When applied to an example of electric kettles, the methodology revealed four previously Publishing a handbook of studies using this methodology would be a useful means for generalizing results similar to those in this paper. A number of studies could be created for relevant environmental strategies in a variety of product classes. This collection of studies would provide an excellent resource for companies that do not possess the time and expertise to carry out their own studies.
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